Introduction
Methyl methanesulfonate sensitivity gene 19 (MMS19) is a highly conserved HEAT repeat protein that was first identified in Saccharomyces cerevisiae as being required for the removal of ultraviolet radiation (UV)-induced pyrimidine dimers (Gari et al. 2012) . Like TFIIH components, MMS19 appears to be involved in both nucleotide excision repair（NER） and RNA polymerase II transcription (Lombaerts et al. 1997) . Human MMS19 physically interacts with the XPB (Ssl2 homologue) and XPD (Rad3 homologue) subunits of TFIIH (Ito et al. 2010) , and is assumed to be an upstream regulator of TFIIH activity, though the biological significance of these interactions remains unclear. MMS19 exerts its function in NER and transcription by interacting with the XPB and XPD helicases (Kou et al. 2008; Seroz et al. 2000) . MMS19 protein contains three conserved regions, including domains A and B and a HEAT repeat domain C, and has been postulated to modulate the balance between transcription and DNA repair (Queimado et al. 2001) . Mutants in eukaryotic MMS19 show a variety of phenotypes, including defects in D r a f t methionine synthesis, sensitivity to genotoxic stress induced by MMS (methyl methanesulfonate), and the presence of extended telomeres (Stehling et al. 2012 ).
Mitochondria are known as the 'power house' of the cell where ATP is generated by electron transport and oxidative phosphorylation across inner mitochondrial membrane, along which reactive oxygen species (ROS) as the by-product are formed continuously during normal cellular metabolism. ROS can result in multiple DNA lesions, such as abasic sites, oxidized DNA bases, and single-or double-strand breaks (Maynard et al. 2009 ). Since mitochondria DNA is lack of protective histones and is constantly exposed to free radical species, mtDNA is more sensitive than nuclear DNA in response to oxidative stress with persistent mtDNA damage and loss of mitochondrial function (Bohr 2002; Klaunig et al. 2011) . Both mismatch repair (MMR) and base excision repair (BER) pathways are found in the nucleus and mitochondria.
Although UV-induced nucleotide excision repair (NER) is observed to be defective in mitochondria, key nucleotide excision repair factor such as D r a f t CS proteins (CSA and CSB), Rad23a, and XPD have been localized in mitochondria (Liu et al. 2015; Melis et al. 2013 ). In addition, RecQL4, one of the five human RecQ helicases, is revealed to be located in mitochondria, and plays regulatory role in the maintenance of mitochondrial genome stability (Chi et al. 2012 ).
This is the first time we have identified that MMS19 is localized to the mitochondrial fractions and mtDNA deletion has been increased in and the MS data were analyzed using MaxQuant program following D r a f t (Yang et al. 2015) . A FDR （False discovery rates） of 0.01 for proteins and peptides and a minimum peptide length of 8 amino acids were required.
Antibodies
The used antibodies were as follows: rabbit anti-HA (Santa Cruz), mouse anti-MMS19 (Santa Cruz), rabbit anti-ANT2 (Cell signaling),
anti-Tubulin (Santa Cruz), rabbit anti-VDAC (Cell signaling), and mouse anti-SMAC (Cell signaling).
Results

MMS19 protein localizes to mitochondria
Cytoplasmic/nuclear localization of MMS19 have been reported previously; and MMS19 is involved both in NER and transcription (Lombaerts et al. 1997) . The previous studies demonstrates that oxidative damage is much higher in mitochondrial DNA than in nuclear DNA (Barja and Herrero 2000). As mitochondria DNA is constantly D r a f t exposed to oxidative stress, MMS19 protein may be localized to mitochondria and participate in protecting mitochondria from oxidative damage. Western blot analysis was performed to detect the presence of MMS19 protein in the mitochondrial fractions isolated from HEK293 cells.
Lack of detectable level of PCNA (nuclear protein marker) and Tubulin (cytoplasmic protein marker) in the lysis of mitochondrial fractions indicated that the mitochondrial fraction was free from nuclear and cytoplasmic contamination ( U2OS cells or control after H2O2 treatment, suggesting that MMS19 is essential for the repair of oxidative stress in mitochondria but is dispensable for some of the nuclear genes such as β-globin.
Interaction between MMS19 and ANT family protein SSBP1, HSP70
To find an unidentified function of MMS19 in mitochondria, Co-immunoprecipitation was used to identify the MMS19 protein complex from mitochondria. Human MMS19 cDNA fused with a HA tag at the C terminus was stably expressed in HeLa S3 cells (Fig. 3A) , and the intact mitochondria extract of which was used for sequential
Co-immunoprecipitation with anti-HA beads (Fig. 3B) . The MMS19 D r a f t complex was separated by polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by silver staining (Fig. 3C ). Mass spectrometry analysis (LC-MS/MS) was next performed to identify proteins interacted with MMS19 in mitochondria.
The mass spectrometry analysis of the MMS19 complex detected ANT1, ANT2, ANT3, SSBP1 and HSP70 proteins (Supplementary Table 1 and MMS19 (Fig. 3D) . Likewise, SSBP1 and HSP70 were also detected in protein complex of MMS19 (Fig. 3E) .
ANT2 plays a role in mtDNA repair
Subsequently, we explored whether ANT2 was involved in oxidative mtDNA damage repair. U2OS cells were transfected with siControl and siANT2 . As mentioned above, long-range mtDNA PCR was used to quantify the capacity for mtDNA oxidative damage repair . After exposure to 1 mM H2O2 for 1 h, both control and ANT2 knockdown U2OS cells had a markedly decreased level of mtDNA PCR product at early time-points after H2O2 treatment. However, control cells showed the restoration of full-length mtDNA PCR product at 24 h, whereas cells with knockdown of ANT2 gene expression showed a very low-level of PCR product, even at 48 h post-treatment (Fig. 4) . Similar as MMS19, ANT2 deficiency also results in remarkably attenuating mtDNA oxidative 
Discussion
Mitochondria Moreover, alkali extraction experiments demonstrated that MMS19 was present in both the membrane-containing pellet and soluble fraction of mitochondria.
The stability of mtDNA is constantly challenged by the endogenous production of mitochondrial ROS (mtROS), which are generated during normal electron flux through the mitochondrial electron transport.
Unlike nuclear DNA, mtDNA is located in the proximity of mtROS generation-sites which are located within complex I and III of the electron transport chain (Muller et al. 2004 ). In the study, we observed that MMS19 knockdown led to a significantly increased CD level, and also a substantially lower capacity for repairing the mtDNA oxidative damage. Although a molecular explanation of how MMS19 affects so many different processes has remained elusive, this study indicates that MMS19 deficiency is likely to result in defective repair of oxidative damage in the mitochondrial DNA, leading to a higher mutation rate of mtDNA. MMS19 deficiency selectively affects the oxidative DNA damage D r a f t repair capacity of mtDNA but not nuclear genes such as β-globin, suggesting that MMS19 is a critical factor for repair machinery of oxidative DNA damage operating in mitochondria.
We The data demonstrated the MMS19 localization in both the inner mitochondrial membrane and mitochondrial inner matrix compartment. treatment for 1 h. The 110 bp mtND1 PCR product was used as a control to normalize the input of the mtDNA template amount in each sample.
Nuclear β-globin gene was used as the repair efficiency marker for nuclear DNA damage. Exogenous MMS19 was observed in the SSBP1 pull-down complex.
Exogenous HSP70 was observed in the MMS19 pull-down complex. 
